Five previously unknown fumonisin mycotoxins (iso-FP 1 , iso-FP 2,3a , iso-FP 2,3b , FP 4 and iso-FP 4 ) and three previously described FP analogues (FP 1 -3 ) were detected in a solid rice culture inoculated with Fusarium verticillioides. The fumonisins were characterized by highperformance liquid chromatography -electrospray ionization time-offlight mass spectrometry (HPLC -ESI-TOFMS) and ion trap mass spectrometry (ITMS). The FP isomers were separated by using a flat gradient on a special, high-coverage C18, narrow-bore HPLC column (YMC-Pack J'sphere ODS H80), which was suggested for the separation of structural isomers. The verified structures of the FP 1 -3 mycotoxins, the relative retention times (by HPLC -ESI-TOFMS and ITMS), the exact masses of the molecular ions (by TOFMS) and the masses of the product ions, including the hydrocarbon backbones (by ITMS) of the new compounds, strongly suggested their structures.
Introduction
The fumonisins, a group of structurally related secondary metabolites of fungi, discovered in 1988 in South Africa (1) , are primarily produced by Fusarium species, and especially by Fusarium verticillioides and F. proliferatum, which are widespread pathogens of economically important crop species, particularly maize (2) . Ever since the early recognition of the deleterious physiological (toxic) effects of fumonisins as mycotoxins, systematic studies have been initiated in a great variety of fields ( production, analysis, chemical structure, toxicity, food safety and biosynthesis). These studies, together with the conclusions drawn from the continuously published reviews, not only furnish information about the progress of the research, but also demonstrate and emphasize the importance of this field [as shown in selected reviews from 2007 -2010 (3 -9) ]. Among the four primary series of fumonisins (FA, FB, FC and FP), the toxicologically most important compounds are the FB analogues. FB1 is generally found in highest concentrations in maize and maizebased products (10) , and the free primary amine group of the FB analogues contributes significantly to their toxicity (11, 12) .
To date, only a limited number of research papers have been published on the FP group (2, 13 -15) . The isolation and identification of FP 1 -3 of fungal origin were first reported in 1996 (13).
The FP analogues, which contain a 3-hydroxypyridinium (3-HP) moiety at position C-2 of the eicosane backbone, were characterized by proton ( 1 H) and carbon ( 13 C) nuclear magnetic resonance (NMR). Compounds FP 1 -3 were also identified on the basis of their characteristic tandem mass spectrometry (MS-MS) spectra (14) .
The structures of the known FP analogues ( Figure 1 ) are identical to those of the corresponding members of the FB series (FB 1 -3 ), except for the nature of the group on C-2. In contrast with the well-known stereochemistry of the FB analogues (16) (17) (18) (19) (20) , the absolute configurations of the chiral atoms of FP 1 -3 have not yet been determined. It is currently believed that the toxicity of the FP analogues is considerably lower than that of the FB analogues (15) , which may be the reason why more detailed investigations of the FP group have been rather neglected since 1999.
In the past few years, several previously unknown fumonisin isomers and novel analogues have been detected through the utilization of high-performance liquid chromatography-electrospray ionization mass spectrometry (HPLC -ESI-MS) methods (21) (22) (23) . Because HPLC-ESI ion trap multistage mass spectrometry (ITMSn) is suitable for the detection (14, 24, 25) , without isolation, of minute amounts of compounds with unknown structures, this method was applied with the aim of identifying P-type fumonisins. The goal of the present research was to detect and characterize FP analogues extracted from a F. verticillioidesinoculated solid rice culture by using sensitive HPLC-ESI timeof-flight (TOF) MS and HPLC-ESI-ITMS instruments, with the application of a flat gradient HPLC separation on a reversed-phase (RP) HPLC column, as recommended by the manufacturer for the separation of structural isomers.
Materials and Methods

Chemicals
The FB1 standard (! 97% HPLC) and methanol (MeOH, gradient grade) were purchased from Sigma-Aldrich (Budapest, Hungary), whereas acetonitrile (MeCN, hypergrade) was obtained from Merck Hungary (Budapest, Hungary). Water with a resistivity of 18 MV was obtained with a Nanopure II (Barnstead/Thermolyne Co., Dubuque, IA) cartridge-type water purification equipment. Article Culturing of Fusarium verticillioides and extraction of fumonisins An isolate of F. verticillioides acquired from a maize stalk (Isolate Fv 16) and identified via its macro-and micromorphological characteristics, was grown on a solid rice culture, as previously described (21) (22) . The freeze-dried culture material containing fumonisins (FB1 content: 18 mg/g) was extracted with a mixture of MeOH-H 2 O (75:25, v/v), using a high-speed homogenizer UltraTurrax T25 (IKA, Staufen, Germany) at 9,500 rpm for 4 min. After extraction and centrifugation (10,000 Â g for 10 min), the supernatant was filtered through a polytetrafluoroethylene (PTFE) membrane (0.2 mm) into an HPLC autosampler vial.
HPLC-ESI-IT-MS and HPLC-ESI-TOF-MS analyses of fumonisin isomers
The instrumental parameters were recently described in detail (22) . Briefly, the fumonisin isomers were analyzed by HPLC-ESI-ITMS (Agilent 1090 Series II HPLC and Varian 500 ITMS) and HPLC -ESI-TOFMS (Agilent 1200 Series HPLC and Agilent 6210 TOFMS) by using a YMC-Pack J'sphere ODS H80 HPLC column (250 Â 2.1 mm, 4 mm; YMC Europe GmbH, Dinslaken, Germany), thermostatted at 408C and with a flat linear gradient of H 2 O -0.1% (v/v) HCOOH (solvent A) and MeCN-0.1% (v/v) HCOOH (solvent B) at a flow rate of 0.2 mL/min. The gradient was 24% B to 40% B in 79 min, which was increased to 100% B in 15 min. The mass spectrometers (equipped with ESI ion sources) were operated in positive ion mode. During TOFMS analysis, a solution containing reference masses (at m/z 121.050873 and 922.009798) was introduced continuously into the ion source by using a second nebulizer. Identification of the P-type fumonisins was facilitated through the measurement of their exact masses using the built-in feature for searching compounds by molecular formula of the MassHunter Qualitative software. The identification criteria were set at +5 ppm for Figure 1 . Fumonisin P analogues: known (bold) and proposed new compounds (TW: this work). *There is another OH group on the backbone; † There is an OH group on the backbone. 
Results and Discussion
The authors' attention was attracted to this topic by significant results relating to the isolation of FP1, FP2 and FP3 and the confirmation of their structures. This provided the prompt for further investigations to be conducted on fumonisin mycotoxins with unusual structures containing a 3-HP group (13, 14) . Some characteristic experimental data on FP 1 -3 , new iso-FP 1 -3 , FP 4 and iso-FP 4 , obtained by HPLC -ESI-TOFMS, ESI-ITMS and ESI-ITMS2 analyses on the extract of rice culture inoculated with F. verticillioides are illustrated in Figures 2 and 3 . The results derived from the experimental data are presented in Table I .
The experimental results led to the following important conclusions. The application of up-to-date hyphenated instrumental techniques and a special HPLC column suggested for the separation of structural isomers permitted the identification of new FP analogues in addition to the previously discovered FP 1 -3 (13, 14) . The evaluated experimental data supported the presence in the examined culture extract of the previously unknown FP 4 and four isomers of FP 1 -4 (iso-FP 1 , iso-FP 2,3a , iso-FP 2,3b and iso-FP 4 ). Because FP 2 and FP 3 are positional isomers, similarly to FB 2 and FB 3 , it was not possible to differentiate between the isomers, which were denoted iso-FP 2,3a and iso-FP 2,3b . When the structures of the novel fumonisin compounds were postulated without their isolation, a common starting point was the generally accepted consideration that tricarballylic acid (TCA) is always bound to the same carbon atoms (C-14 and C-15) of the fumonisin backbone. The presence of the new compounds was supported by the following data: (i) the retention times obtained under identical chromatographic conditions, in comparison with the retention times of the already known compounds FB 1 -4 and FP 1 -3 (Figure 2 , Table I ); (ii) exact mass data obtained by ESI-TOFMS, with a mass accuracy of 2 ppm (Table I) ; (iii) CID-MS spectra obtained by ESI-ITMS2 ( Figure 3 , Table I ), for which the fragmentation pattern was identical to the reported MS2 spectrum of FP 1 -3 (14) .
Regarding the retention times, Cawood et al. determined the sequence of elution of FB 1 -4 on a reversed-phase C18 column (FB 1 , FB 3 , FB 2 , FB 4 ) (26). This was not only successfully confirmed on a J'sphere ODS-L80 column, but was also in accordance with the elution profile for FP1-3; i.e., FP 1 , FP 3 , FP 2 (14) . The same sequence of elution (FP 1 , FP 3 , FP 2 , FP 4 ) was revealed by the experimental data obtained with the ODS-H80 column. These elution sequences cited allowed a more precise identification of compound FP4 by TOFMS and ITMS.
The molecular ions of the fumonisins have very typical ESI-ITMS2 spectra (14, 21 -24) , as depicted by the product ion spectra (CID-MS) of FP 1 -4 and their isomers in Figure 3 . Therefore, a separated compound can quickly be identified as a fumonisin via its MS2 spectrum. The MS2 spectra of the FP isomers were rather noisy, as a result of their presence in only trace quantities in the analyzed sample. However, these compounds could easily be identified through their characteristic product ions. Because the new FP compounds have not yet been isolated, precise determination of their structures, e.g., by NMR, is not yet possible. Nevertheless, the exact mass (from TOFMS) of each ion [M] þ , and interpretation of the fullscan MS2 spectra acquired with the highly sensitive IT mass analyzer, allowed the identification of the type (FP 1 -4 ) and provided additional information concerning the chemical structure. It follows from the structures of FP 1 -4 that groups modifying the backbone are split off during the CID process, i.e., C-O and C-N bond scission leads to the elimination of H 2 O, TCA and 3-HP. Interestingly, the fragment ion [M - þ was observed only in the MS2 spectrum of FP3. A proposed scheme for the individual steps of the CID process for FP 4 is shown in Figure 4 .
The proposed structures for the new P-type fumonisins on the basis of the previously mentioned results are shown in Table 1 , with the following comments: (i) the basic skeleton of iso-FP 1 is presumably identical to the known basic skeleton of iso-FB 1 ; (ii) the basic skeleton of FP 4 is presumably identical to the known basic skeleton of FB 4 ; (iii) iso-FP 4 is either the epimer of FP 4 , similarly for 3-epi-FB 3 /FB 3 and 3-epi-FB 4 /FB 4 (20) , or the OH group attached to the basic skeleton is not located on C-3.
The relative quantities ( percentage of FB1) of the new FP isomers were in the range of 0.007 -0.048% (Table I) .
Conclusions
Because the new compounds have not yet been isolated, precise determination of their structures is temporarily not possible. However, their retention times on a C18 HPLC column, the masses of the molecular ions (obtained via the MS spectra) and the characteristic product ions, including the hydrocarbon backbones and the characteristic neutral mass losses in the recorded MS2 spectra of [M] þ for the new compounds, clearly identified the type of compound and supported tentative assignments of the chemical structures. The semi-quantitative measurement data are strongly indicative of the isolation of FP 4 , the chemical structure of which may be determined next. After that, it will be possible to determine the chemical structure of FP 4 . The authors believe that the recognition of these novel fumonisins will yield new research information on the mechanism of their formation and facilitate an interpretation of the complex biochemical processes involved.
